Abstract. Molecular mechanics computations were used to examine the structures and interaction eneigiesof cesium complexes formed by 9 hexadentate crovm ether ligands with both aliphatic and aromatic side groupsjoined to the main macrocyclic ring. In order to mimic the residual solvation of the complexed cation, two and four ChhOH molecules, respectively were incorporated into the complexes. Comparison of the resulting interaction energies to experimental data revealed the complex stability to be satisfactorily correlated with (Em)*.«*, i.e. with the interaction energies proper for the clusters LCS + (CH30H)4, wheie L denotes a coronand molecule.
INTRODUCTION
Complex formation concerns the interaction of at leaä two chemical species through a variety of posable interactions, such as electrostatic binding forces, non-covalent bonds and hydrophobic interactions. It was recognized, therefore, that cation-coronand complexation dependson several factors related to characteristic propertiesof the reacting ion and ligand [1] , The specific complexing ability in those systems is often discussed and interpreted within the frame of "optimum fit", i.e. in terms of a close correspondence between the ionic crystal radius of the metal cation and the radius of the cavity formed by the crown-ether ring. That simple concept focuses attention strongly upon the cavity size, but it should be remembered that for a given cavity size, a reduction in the number of donor atoms through replacement of Ο by Chh causes a severe drop in the stability constant, Ks. A clear example is reported in Ref. 2 : the corresponding logKs values for the potassium complexes of 18-crown-6 and 18-crown-5 in methanol were found to be 6.05 and 2.48, respectively. More recently, ab initio studies of the binding of Na + and K + with 3n-crown-n ethers (n=4-7) were reported and the effect of a change in the ring size on the cation selectivity wasevaluated. Thiseffect was found to depend not only on the cavity-size concept, but also on the number of available donor atoms that can effectively participate in the complexation [3] , The coronand-metal cation interactions are dominated by ion-dipole forces, therefore the ability of a binding site to interact with a coordinated ion depends strongly upon the electron densty at the donor atom. For the sodium complexes of 4-substituted benzo-15-crown-5 ethers in acetone the subäituent effect can be related to the basicity of the ether oxygens as demonstrated by the correlation between logKs and the σ p+Om substituent constants [4] , Recent results agree with that observation: the corresponding logKs values plotted against the average charge of the ring oxygens from AM1 computations gave a good linear correlation [3] , A fairly good relationship was also observed between logKs and the ab initio binding energy [3] . On the other hand, however, for the Na*-complexes with 4-substituted benzo-18-crown-6 ligands no Hammett correlation wasfound and this was interpreted as a result of the conformational flexibility of the ligands in solutions [4] , Thus the consderations discussed above apply strictly to rigid coronands only and would be modified where the ligands are very flexible, or the complexed cation remains partially solvated. Deviations from the prediction based on the simple concept of optimum fit are therefore observed for many coronates.
In the light of the above-mentioned facts, quantitative description of structural effects on the cation-coronand interaction should follow from the combination of several factors, such as cavity shape and topology as well as preorganization and complementarity. Molecular mechanics (MM)and molecular dynamics (MD) modelling seems to be very useful in that field; from the reports accumulated in the literature the results of Hay et at. [5] [6] [7] [8] are particularly interesting. The mentioned authors argued that the strain energy approach is useful in rationalizing the effect of coronand structure on complex stability. They have found [5] that logKs values available for potassium complexes of selected hexadentate crown ethers in methanolic solutions are strongly correlated with the differences in strain eneigy between the free ligand and its complex. It is important to note, however, that consderations have been focused on ligands containing aliphatic substituents only, and the respective strain eneigies were computed forisolated molecules, i.e. forthe ga&phase systems.
The results of Hay et al. lead to the conclusion that the differences in complex stability, would be expected to arise from the differencesin spatial orientation of the oxygen atoms rather than from those between their electron donating properties. On the other hand, the substituent effect on the stability constants of the sodium complexeswith a series of 4-substituted benzo-15-crown-5 ligands was successfully related to the basicity of the ether oxygens, as demonstrated by the correlation between binding energy (calculated by the ab initio method) and the average chaige of the last-mentioned atoms [3] , Moreover, a correlation was also found by plotting binding energies vs. σρ+σ™ substituent constants [3] ,
In the previous paper of this series we have examined the effect of side groups (both aliphatic and aromatic) on the complexing ability of the main ligand ring of the 18-crown-6 type [9] , We have found that the logKs values determined forthe potassium complexes in methanol correlate satisfactorily with the interaction eneigy, (En)soiv ; that last one was calculated with regard to residual solvation of the complexed cation. Because in the case of the Cs + complexes the lowest eneigy forms were found to be different from that for the K + complexes, the focus of the present workare the clusters containing cesium ions EXPERIMENTAL AND COMPUTATIONAL PROCEDURES Coronands l-IX (Scheme) were purchased or synthesized as reported in our previous communication [9] , CsCI04 was prepared by conversion of CS2CO3; it was recrystallized from water and dried over P2O5 at 120°C. Methanol for UV^ectroscopy wasused as obtained from Flute. Tetraethylammonium Perchlorate from Merck was reciystallized several times from triply distilled water and dried under reduced pressure at 50°C. Cyclic voltammetric measurements were performed with a PAR 273A potentiostat controlled by an IBM PC AT computer by means of the software M270 from PAR. A three-electrode cell wasused conasting of a static mercury electrode model 303A PAR, a Pt counter electrode and the AgCI/Ag couple in 0.1 methanolic solution of tetraethylammonium chloride as a reference electrode. Experiments were carried out at 25±1°C. All remaining experimental details were previously reported [9] , Structuresof the complexes were generated and optimized by the use of the HyperChem 5.11 program [10] with the AMBER force field and with the representation of potential eneigy [11] , In MM computations an all-atom force field wasused, i.e. all atoms were explicitly represented by the force field. All parameters used in calculations were taken from a standard set of HyperChem AMBER method and supplemented by the values from the most recent AMBER program [12] , In order to mimic the residual solvation (microsolvation) of the complexed cation, two and four molecules of CH3OH were conadered, respectively. Computations of atomic charges appropriate to the coronates were performed using the AM1 procedure [13] included to the HyperChem pactege. Polarization effect of the metal cation was included by the use of the quantum-classical mode of semiempirical calculations. To this purpose, a coronand molecule together with the solvent molecules were subjected to the AM1 procedure, whereas the Cs + cation wastreated classically as a point chaige with the same, unchanged, +1 chaige. Such a treatment results from the lack of parametrization forthe cesium cation both in semiempirical and appropriate basis set of ab-hitio methods. Coronand and point chargetreated asa perturbation of wave function -wassubjected forthe AM1 single-point calculation of chaiges. The resulting chaiges were subsequently used in the MM optimization of structure, and then the whole system was returned to AM1. The procedure was carried out until selfconastency of atomic chaiges and structure of the system wasreached. It should be emphasized that polarization effects of the cation were found to be crucial for satisfactory correlation of the resulting (Ert)sc* values with the experimental data. No molecular dynamics computations were run in the systems under study, but instead of those manual rearrangements of the placement of the methanol molecules followed by charge/structure optimizations were performed. Add also, that for VIII and IX all posable stereoisomers were conadered with the use of chaige/structure optimization procedures. The resulting final energies were located within +1 kcal mol and only the structureswith the lowest energy were selected to the proper calculations.
RESULTS AND DISCUSSION
Compilations [14, 15] of the stability constants for complexation of the coronands of 18C6 type with the cesium ion in methanol give differing values even for repeated measurements under the same experimental conditions, which demonstrates a need for a more reliable remeasuring of the corresponding Ks values with the use of carefully standardized procedure. Our experiments were based on the measurementsof the changes of the redox potentialsof Cs* ions brought out by the ligand added to the solution.
Cesium(l) ions when studied by polarography have been found to undergo one electron reversible reduction to the metal amalgam in many organic solvents [16] . In our experiments performed in methanolic solutions, the concentration of tetraethylammonium Perchlorate was kept constant at 0.1 Μ and the concentration of CsCICUwasO.ö mM; cyclic voltammetric curves recorded under these conditionswere also reversble. The reversibility of the electrode process was preserved after the addition of each coronand belonging to the series under study (Scheme); this points out that the exchange between Csand Cs%om^ed is rapid on the measurement timescale. 
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Me c ο er*
VI. phenyl-18-crown-6
Me VII. cyclohexyl-18-crown-6 VIII. 8,15-dimethyl-benzo-18-crown-6 IX. 8,11,15-trimethylbenzo-18-crown-6
The determination of the stability constants of Cs -crown ether complexes was based on cyclovoltammetric measurements of the reversible potentials shifted by the addition of an increasing amount of the ligand. The dependences of the shift upon the excess ligand concentration α (5-50 mM), wasfound to be in accordance with the Lingane equation for the complexation of 1:1 type:
where E' and E° are the potentials of the complexed and free (solvated) cesium(l) ion, respectively, whereas the ratio of reduction currents \comrJ\soi v is attributed to a change of the diffusion coefficients of Cs + on complexation. All calculated stability constants are summarized in Table 1 . It is immediately obvious that the nature of substituent joined to the macrocyclic ring of the 18C6 type has a fundamental effect on the stability of the resulting cesium complexes In solutions, the coronates are surrounded by solvent molecules that may play a significant role in their stability and structure. Molecular dynamics simulations based on the classical force field are able to incorporate up through several hundred solvent molecules, namely water, to the crown/cation complexes [17, 18] , On the other hand, it was convincingly observed thata small number of solvent molecules was sufficient to recover at leaä qualitative agreement between the calculated and the experimental values [19] [20] [21] [22] [23] [24] , By consdering the LK*(CH30H)2 clusters, where L denotes ligands l-IX, respectively, we have observed a satisfactory correlation between logKs and (Em)so^, the interaction energy defined as the difference of the total energy of the complex in its lowest eneigy conformation and the same system without a metal cation [9] , Taking into account thisfinding, in the firä phase of our conaderations we have analysed the complexes crown ether-Cs + with two microsolvating CH3OH molecules. The cesium cation is too large to fit in the cavity of the ligand, therefore both methanols prefer to add to the same side of the macrocyclic ring; the forms in which the methanol molecules occupy opposite sides of the ring are conaderably higher in energy. It is important to note that thisresult is qualitatively similar to that reported by Feller [22] who analysed the l-Cs + (H20)2 system on the basis of ab initio computations. Figure 1 presents the charge/structure optimized diagrams of the l-Cs + (CH30H)2 and lll-Cs + (CH30H)2 cluäers which should be treated as representative examples of the systems investigated by us. As can be seen, one of the solvent molecules is directly bonded to the cation, whereas the second molecule is sufficiently close to the coronand that it can form a hydrogen bond. Such structures were used to calculate the interaction energies. The resulting values, marled as(Ent)2.sck, are also collected in Table 1 
which holds with a correlation coefficient of r=0.907, a mean square standard deviation in logKs of s=0.18 and the Fisher test of F=32.56. Add that errors of regression coefficients are determined on the basis of the Student distribution with a confidence level of 0.95. One can observe that the correlation is poorly defined, although it is statistically significant with a probability of at least 95%. We therefore decided to calculate the interaction energies for the clusters containing fourmoleculesof methanol.
Fig. 2.
A view of the same charge/structure optimized complexesas in Fig. 1 , but with four microsolvating CI-bOH molecules. Fig. 1 . A view of the charge/structure optimized clustersof 18-crown-6 (a) and dibenzo-18-crown-6 (b)with cesium cation and two microsolvating methanol molecules. Radiusof Cs was set small enough to not eclipse the rest of the structure.
Exemplifying LCs*(CH30H)4 optimized structures resulting from our computer simulations are shown in Fig. 2 . In contrast to what had been calculated in analogous water cluäers [22] , the minimum energy could be found with three of the methanols positioned on the same side of the complex as the cation, whereas the fourth one occupies an opposite side. Two methanols located overthe macrocyclic ring are directly bonded to the cation; their -OH groups participate in the hydrogen bonds with the third solvent molecule which in tum forms a hydrogen bond to one of oxygen atoms of the macrocycle. The fourth CH3OH molecule interacts weaWy with the cation and forms a hydrogen bond to another oxygen atom of the ligand. It should be emphasized here that the same arrangement of four methanol molecules forms the most stable structureswith all the complexes conadered in thisreport.
Having established the charge/structure optimized geometries, we have calculated the corresponding interaction energies, signed as (E«x)<»,s<*; the resulting values are presented in the last column of Table 1 . Figure 3 shows the logKs values as a function of (Ew)««* for the nine complexes under study. A good linear relationship is revealed (r=0.950, s^0.13 and F=64.53) with the regression line described by equation ( We conclude, therefore, thatthe interaction energy approach in rationalizing the effect of crovvn ether structure on complex stability is helpful indeed. Given the correlations that were obtained, we can say that the major factor in controlling the differences in Ks for the cesium complex formed by the ligands belonging to the series l-IX is the microsolvation of the cation. By combining the calculated values of (Ε*).*,»* with the linear correlation represented by equation (3), we believe that it is possble to predict the logKs values for cesium 1:1 complexation with hexadentate coronands possessing other side groups joined to the main macrocyclic ring.
